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ABSTRACT

Ray's fluid thioglycollate medium (RFTM) culture methods are used for the routine
monitoring of Perkinsus marinus infections in oyster tissues. Some drawbacks of
RFTM are that the assays detect all Perkinsus sp. and sensitive quantitation requires the
use of the entire oyster tissue. Molecular methods, especially the polymerase chain
reaction (PCR), are species specific and exceptionally sensitive for diagnosis. PCR has
often been employed to detect a pathogen but has typically been limited to a presence or
absence result. Quantitative competitive PCR (QCPCR), however, relies on an internal
standard in each reaction to precisely quantitate the amount of target DNA originally
present. This work focused on developing a QCPCR assay for P. marinus quantitation
in oyster tissues as well as in environmental water samples.
Perkinsus marinus specific primers (PER-18S and PER-ITS) were developed from
the ribosomal small subunit gene and the first internal transcribed spacer region. The
primers amplified DNA isolated from P. marinus but not from P. atlanticus, the eastern
oyster Crassostrea virginica, or the dinoflagellates Periclinium sp., Gymnodinium sp.,
and Amphidinium sp. A mutagenic primer (ITS-MUT) was used to create a competitor
plasmid identical to the P. marinus target DNA except for a 13 bp deletion. The target
P. marinus DNA and the competitor molecule amplified with equivalent efficiencies with
the PER-18S and PER-ITS primers. The use of the LiCor DNA 400L automated
sequencer allowed separation of the two amplified DNA species in each reaction. The
sequencer software provided precise determination of the equivalence point in each
series of PCR reactions.
Oysters were sampled from the James River in Virginia (n=25), and each oyster was
processed by five P. marinus diagnostic methods: Ray's FTM assay, FTM hemolymph
assay, body burden assay, QCPCR with gill and mantle tissue, and QCPCR with
hemolymph. As little as 0.005 fg of P. marinus DNA in approximately 0.4 fig of
background oyster tissue DNA could be quantitated. A standard curve, prepared by
performing QCPCR on DNA isolated from enumerated P. marinus cultured cells in
background oyster tissue, allowed the calculation of the number of P. marinus cells/g of
oyster tissue in the naturally infected oyster samples. By this method, as few as 2 P.
marinus cells could be quantitated. Overall, regression analysis showed that the
QCPCR methods were effective in diagnosing P. marinus infection in oyster tissues. In
fact, the QCPCR hemolymph assay diagnosed 24 of 25 oysters as being infected as did
the "gold standard" body burden assay.
The QCPCR assay was also used to quantitate the P. marinus DNA present in water
samples obtained from the lower York River in September 1997 and October 1997. A
modified body burden protocol was used for triplicate water samples although no P.
marinus cells were found in the FTM after incubation. The QCPCR assay, however,
detected P. marinus DNA in water samples from both sampling dates. Thus, QCPCR
can be applied for the sensitive detection and quantitation of P. marinus cells in water
samples in order to conduct essential experiments on waterborne stages of this parasite.

D evelopm ent of a Q uantitative Com petitive Polym erase Chain Reaction
A ssay for the Detection and Quantitation o f P erkinsus m arinus in Oyster
Tissues and Environm ental W ater Sam ples
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INTRODUCTION

P e r k in s u s m a rin us
Perkinsus marinus has been a significant cause of mortality of the eastern oyster
Crassostrea virginica along the east coast of the United States from the 1950s to the
present (Andrews, 1988; Burreson and Ragone Calvo, 1996). This protozoan parasite
was first discovered in the Gulf of Mexico by Mackin et al. (1950) and was originally
classified as Dermocystidium marinum due to the signet ring appearance of the mature
trophozoite. Mackin and Ray (1966) changed the name to Labyrinthomyxa marina based
on the observed amoeboid stages in the oyster which moved by gliding. Perkins (1976)
later noted an apical complex in the flagellated zoospores of the protozoan. This
discovery prompted the reclassification of the parasite as Perkinsus marinus in the
phylum Apicomplexa (Levine, 1978). Vivier (1982), however, argued against this
classification by emphasizing that the trilaminar pellicle and the micropores are not unique
to the apicomplexans and that the conoid resembles that of the ciliates and flagellates as
opposed to the sporozoans. This morphological evidence has spurred debates on the
placement of Perkinsus marinus within the apicomplexans. Recently, some researchers
have suggested that P. marinus may be more closely related to the dinoflagellates than to
the apicomplexans based on molecular phylogenetic analyses (Goggin and Barker, 1993;
Fong et al., 1993; Goggin, 1994; Siddall et al., 1995; Flores et al., 1996, Reece et al.,
1997b, Siddall et al., 1997).
Historically, P. marinus has infected oysters in the Gulf of Mexico from Florida to
Mexico as well as along the eastern seaboard of the United States from Florida northward
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to the Chesapeake Bay (Mackin, 1962; Andrews and Hewatt, 1957; Andrews, 1988;
Burreson et al., 1994). In the late 1980s and early 1990s, P. marinus spread up the
estuary to regions of typically lower salinity waters in the Chesapeake Bay and the
Delaware Bay and extended its distribution as far north as Maine (Ford, 1996). The
northern range extension of this parasite may have been a result of repeated introductions
of infected oysters, a change in the genetic structure of the host or the parasite, a change
to more favorable environmental conditions, or some combination of these factors (Ford,
1996).
Environmental factors such as salinity and temperature have played critical roles in
determining the range of P. marinus as well as the severity of the epizootics. Increasing
salinity is positively correlated with prevalence and intensity of the parasite (Andrews,
1988; Mackin, 1956; Craig et al., 1989). Furthermore, early research showed that low
salinity actually retarded the development of P. marinus (Ray, 1954). Ragone and
Burreson (1993) reported that the critical minimum salinity range for P. marinus infection
is 9 to 12 ppt and that the pathogen is less virulent at salinities less than 9 ppt. Four
consecutive drought years in the late 1980s, along with warm winters, allowed the spread
of P. marinus up the estuary to regions of previously low salinities (Burreson and
Ragone Calvo, 1996). Temperature affects the geographical distribution of P. marinus
(Ray and Mackin, 1954; Andrews and Hewatt, 1957; Burreson and Ragone Calvo, 1996)
with the minimum winter temperature determining the northern limit of this pathogen
(Andrews, 1988). The spread of P. marinus up bay was possible because warmer winter
temperatures in the early 1990s lessened the overwintering parasite loss as well as
accelerated the development of lethal infections in early spring (Burreson and Ragone
Calvo, 1996; Ford, 1996). Temperature, however, plays a more significant role in the
seasonal periodicity of P. marinus (Burreson and Ragone Calvo, 1996). New
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infections are acquired in July to October with a peak in August shortly after annual
maximum temperatures and during the period of maximum oyster mortality.
Transmission of P. marinus has been reported to occur from infected oysters to
uninfected oysters via the water column (Ray and Mackin, 1954). All identified life
stages including the meront, prezoosporangia, and biflagellated zoospore have been
shown to cause infection in the eastern oyster (Chu, 1996) although Volety and Chu
(1994) determined that meronts are more infective than prezoosporangia. In studies to
determine the necessary dose of infective cells to initiate an infection, it was found that
10-102 P. marinus cells were required for infection (Chu, 1996). Oysters are filterfeeding organisms and P. marinus has been found in the water column at abundances of
3000 to 19000 cells H

of water in the warm summer months (Dungan and Roberson,

1993). Thus, P. marinus transmission can clearly be successful in the water column
from oyster to oyster.

P. marinus

D etection and D iagnosis

Presently, investigators rely on methods of Ray’s fluid thioglycollate medium (RFTM)
culture of Perkinsus marinus trophozoites from oyster tissue (rectum* gill, and mantle)
for the diagnosis of infected oysters (Ray, 1952). Choi et al. (1989) developed a
protocol to digest oyster tissue in RFTM cultures by using sodium hydroxide which
enables the isolation of the enlarged P. marinus cells. As a result, body burden assays in
whole oyster homogenates (Bushek et al., 1994) and hemolymph assays (Gauthier and
Fisher, 1990) were developed based on Ray’s technique.
In order to use Ray’s fluid thioglycollate medium culture as a reliable method of
detection of P. marinus, several assumptions must be made (Bushek et al., 1994; Fisher
and Oliver, 1996). All life stages of the parasite must be retrieved from the host and they
must be detectable by the diagnostic procedures used. This assumption involves the
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enlargement of all P. marinus cells and specific staining of them by Lugol’s iodine.
Furthermore, quantitation requires accurate counting and the use of a subjective semiquantitative scale which was developed by Mackin (1962) and modified by Craig et al.
(1989). It is also assumed that the number of parasites remains constant after collection
of the sample and through the incubation period in RFTM. Another important
assumption for the standard tissue assay and the hemolymph assay is that the assay
represents the total tissue distribution of the infection. Quantitative RFTM diagnosis
using whole oysters may overcome the limitations of several of these assumptions by
enumerating the total number of parasites in the oyster (Bushek et al., 1994; Fisher and
Oliver, 1996). The RFTM culture diagnostic methods are relatively simple to perform;
however, intensities of infection are subjective (Mackin 1962; Craig et al., 1989), and
the method is often not sensitive enough to detect extremely light infections.
Attempts have been made to produce antibodies which specifically recognize P.
marinus . A particulate hypnospore immunogen was isolated from infected oyster
hemolymph after incubation in RFTM and utilized for the production of antisera (Dungan
and Roberson, 1993). The resulting antibodies were found to label the cytoplasm as well
as the nucleus of the mature trophozoite cell. Oyster tissue was not labeled nor were
Haplosporidium nelsoni or Dermocystidium spp. The antibodies also had affinities for
P. olseni and P. atlanticus but not for P. karlssoni (Dungan and Roberson, 1993). These
polyclonal antibodies have been used for detection of P. marinus although the ultimate
specificity of the antibodies has yet to be determined. By using this alternative method,
Ragone Calvo and Burreson (1994) were able to detect light infections in oysters which
were not detected using standard and hemolymph RFTM culture methods. Furthermore,
a flow cytometric immunoassay utilizing the P. marinus antibodies has been utilized to
monitor the annual abundances of the pathogen in the water column (Ragone Calvo et
al., 1995).
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Molecular techniques have recently been the focus of a new approach for the diagnosis
of the presence of this pathogen in all of its life stages in both oyster tissues and
alternative hosts as well as in the environment. Sequence data from the small subunit
(SSU) ribosomal RNA gene (Fong et al., 1993; Goggin and Barker, 1993) as well as
from the two internal transcribed spacers (ITS) and the 5S rRNA gene (Goggin, 1994) of
P. marinus have been reported. These nucleotide sequences have regions which are
specific to P. marinus and thus can be used to develop specific detection assays for the
oyster parasite. A noncoding domain of P. marinus DNA was used to develop a semiquantitative polymerase chain reaction (PCR) assay for estimating the level of infection in
oysters (Marsh et al., 1995).

Polym erase Chain Reaction
The polymerase chain reaction (PCR) is a useful technique which was invented, by
Kaiy Mullis (Mullis et al., 1986; Mullis and Faloona, 1987). This molecular tool allows
the specific amplification of a small region of DNA from a target organism with high
sensitivity despite the presence of contaminating DNA from other organisms (Darnell et
al., 1990). PCR utilizes paired primers which bind specifically to a region in the genomic
DNA in an individual species based on their specific complementary nucleotide sequence.
The primers allow the amplification of the desired target region of DNA which is flanked
by these primers. Simply, this method involves temperature cycling of the target DNA,
primers, and a thermal-stable DNA polymerase enzyme through many phases of heat
denaturation of the genomic DNA, annealing of the primers to the specific region of
DNA, and finally extension of the primers by the DNA polymerase. In subsequent
cycles, each newly synthesized DNA fragment can serve as a template in addition to the
original DNA template. Ultimately, the result is an exponential increase in the copy
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number of the specific DNA fragment which can then be visualized by gel electrophoresis
(Saiki, 1990).

D isease D iagnosis by M olecular Techniques
PCR techniques have been utilized for the detection of pathogens in the aquatic
environment as well as in the host. DNA-based PCR assays were used to detect
Hematodinium spp. dinoflagellates in decapod crustaceans (Hudson and Adlard, 1994).
A successful DNA-based PCR assay was used to detect Rembacterium scdmoninarum in
individual salmonid eggs (Brown et al., 1994). Furthermore, this method proved to be
more sensitive and more specific than both of the previously accepted methods, the
enzyme-linked immunosorbent assay and the fluorescent antibody test (Brown et al.,
1995). Barlough et al. (1995) employed a nested polymerase chain reaction involving
two sets of primers to detect genomic DNA from the microsporidian parasite
Enterocytozoon salmonis in chinook salmon.
An RNA-based assay which involved reverse transcription and subsequent PCR of a
nucleoprotein gene has served as the basis for the detection of infectious hematopoietic
necrosis vims (IHNV) in salmonids (Arakawa et al., 1990). A similar technique was
used to amplify part of the coat protein gene of striped jack nervous necrosis virus
(SJNNV) and for diagnosis of larval striped jack with viral nervous necrosis (Nishizawa
et al., 1994).
Several PCR assays for the detection of oyster protozoan pathogens have also been
developed. The protozoan P. marinus can be detected in oyster tissues using a diagnostic
PCR assay which amplifies a region of DNA within a noncoding domain (Marsh et al.,
1995). PCR primers have also been designed to amplify a region of the small subunit
ribosomal DNA in Haplosporidium nelsoni, another protozoan oyster parasite (Stokes et
al., 1995). In this assay, PCR was a superior diagnostic technique when compared to
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typical histological examination of oyster tissues. In addition, PCR was used to detect
H. costale in samples of DNA isolated from oysters infected with this parasite (Ko et al.,
1995).

Q uantitative PCR
PCR has been used as a semi-quantitative method since its development in the 1980s.
For absolute quantitation, Southern blots for DNA and Northern blots for RNA have
historically been the accepted molecular methods (Ferre, 1992). Quantitation of nucleic
acids, however, is within the range of capabilities of the polymerase chain reaction and
the sensitivity of this method is excellent. For example, quantitative PCR has been used
to detect HIV to the limits of a single viral genome in a background of 5 x 10^ cells
(Piatak et al., 1993). This quantitative method is moving to the forefront of diagnostic
science due to its ability to detect extremely low copy number DNAs or RNAs in crude
cell lysate preps (Zimmermann et al., 1994).
The initial exponential increase in product serves as the major limitation for the use of
PCR as a quantitative method. Any variation between replicate samples leads to changes
in amplification efficiency which may, in turn, cause dramatic changes in the product
yield (Gilliland et al., 1990b). This may obscure differences in the amounts of DNA or
RNA which are being measured and thus preclude quantitation (Siebert and Lanick,
1993). Thus, interassay variability must be controlled in quantitation experiments.
Under ideal amplification conditions, the target DNA is amplified at a nearly constant
exponential rate throughout the exponential phase. Following this phase, the synthesis
rate diminishes and the plateau phase exhibits a decreased product accumulation (Soong
and Arnheim, 1995). This decrease may result from a limiting concentration or thermal
inactivation of the DNA polymerase, a reduction in denaturation efficiency, a decrease in
the primer to template ratio, or a progressive decrease in the efficiency of the primer-
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template annealing as a result of increasing reannealing between the product strands and
the template (Soong and Amheim, 1995). Most accurate quantitation occurs within the
exponential phase since the product amount will reflect the amount of starting target
DNA. Several additional factors affect the quantitative power of PCR (Ferre, 1992).
Initially, the development of an assay for quantitating nucleic acids using PCR must
include the optimization of the assay conditions. Enzyme concentration, deoxynucleotide
triphosphates, buffer system, denaturation time and temperature, annealing temperature,
extension time, and cycle num ber-these factors must be optimized in order to accurately
quantitate nucleic acids using PCR (Innis and Gelfand, 1990). In the case of analyses of
soil, sediment, or water samples, the conditions of the PCR must also be optimized in
order to counteract the effects of the contaminating inhibitors of Tag DNA polymerase
which are often present in environmental samples. Such additional optimization allowed
the development of a quantitative competitive polymerase chain reaction assay to detect
Pseudomonas cells in seawater (Leser, 1995).
A brief overview of quanti tative PCR methods listed five approaches to quantitating
nucleic acids using PCR: semi-quantitative methods, Poisson dilution, coamplification of
target DNA using independent internal standards, competitive coampliflcation of target
DNA with internal standards, and non-competitive amplification with external standards
(Soong and Arnheim, 1995). The two most employed methods of quantitative
polymerase chain reaction, however, are the competitive and the noncompetitive methods.
In the competitive method, the standard and the target DNA are present in the same
reaction tube and thus compete for the same DNA polymerase and deoxynucleotide
triphosphates during the amplification (Sur et al., 1995). Non-competitive PCR involves
the amplification of the target DNA and a dilution series of the standard DNA in separate
reaction tubes (Sur et al., 1995). These two methods gave comparable results for the
interleukin (IL-5) gene DNA, although the competitive method yielded results that were

10
more similar to the actual values for the amount of target DNA in the sample (Sur et al,
1995).
Internal competitive standards for quantitative PCR typically have sequences that are
homologous to the target nucleic acids. The target and the competitor, therefore, amplify
with the same kinetics (Ferre, 1992). The competitive standard is similar to the target
DNA and amplifies with the target sequence primers or slightly modified primers. Also,
the differences between target and competitor can easily be detected after amplification.
Often a constructed plasmid serves as the competitive standard for quantitative PCR;
however, plasmid DNA amplifies with a greater efficiency than does genomic DNA.
Prior to PCR, the genomic DNA may be digested with a restriction endonuclease in order
to minimize differences in amplification efficiency between the target and standard DNA
by rendering the genomic DNA more accessible to the DNA polymerase used in PCR.
Internal competitive standards are used for quantitation of the absolute amount of
target nucleic acids, while external standards are often used for relative amounts of
nucleic acids (Soong and Arnheim, 1995; Siebert and Larrick, 1993). Sur et al. (1995)
suggested that absolute quantitation yields results that only apply under the given
conditions because values may change given other conditions. Internal competitive
standards eliminate error resulting from tube to tube variation because both the standard
and the target will be equally affected by the internal PCR conditions (Gilliland et al,
1990a; Soong and Arnheim, 1995). Furthermore, competitive PCR overcomes the need
to perform quantitation in the exponential phase (Siebert and Larrick, 1993). Both the
standard and the target are equally affected by the changing amplification parameters and
thus, the reactions are cycle-independent (Soong and Arnheim, 1995). Therefore,
temperature cycling into the plateau phase does not interfere with quantitation and even
increases the sensitivity of the assay (Morrison and Gannon, 1994). The finding that the
plateau phase results not from limiting reaction components but as a feature of the reaction

11
itself is important for quantitation for two reasons. First, a constant maximum of
products is obtained even after amplification of varying amounts of a single target, and
secondly, the coamplification of different concentrations of different targets will result in
retention of the initial proportions even in the plateau phase (Morrison and Gannon,
1994). In competitive PCR, the inhibitors in the reaction equally affect the amplification
of both the target and the standard DNA and thus minimize the effect of inhibitors on the
quantitation process. As a result total DNA from infected cells can be used directly in
quantitative competitive PCR (QCPCR) (Piatak et al., 1993).
Ultimately, quantitation by competitive PCR involves a set of reactions which include
a constant aliquot of unknown DNA and a series of dilutions of known concentrations of
the standard competitor DNA. At the point where the molar amounts of the two products
are equivalent, the amount of original target DNA present in the sample is equivalent to
the amount of standard added initially (Piatak et al., 1993). Thus, quantitation of the
unknown DNA is based upon the attainment of an equivalence point at a known
concentration of standard competitor DNA.
DNA standards for competitive PCR have been constructed by the insertion or deletion
of a restriction enzyme recognition site by site mutagenesis (Gilliland et al, 1990a). After
amplification, these products can be distinguished by appropriate enzyme digestion and
gel electrophoresis. Using restriction endonuclease digestions, however, is not an
optimal means for distinguishing the target from the competitor since the digestion may
proceed with variable and unpredictable efficiency (Clementi et al., 1993). As a result,
altering the size of the competitor molecule provides a preferable means for generating the
internal standard. Siebert and Larrick (1993) created similar non-homologous standards
by ligation of a gene fragment to the complementary primer sequences. The capabilities
of automated sequencers to detect a one nucleotide difference in sequences have been
applied to QCPCR (Porcher et al., 1992; Lu et al, 1994; Cottrez et al., 1994; Thiery et
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al., 1995; Repp et al, 1995). Internal standards were generated by PCR amplification
using altered forms of the original target DNA primers. The primers were designed by
overlapping the sequence of the original primer, linking this sequence to five nucleotides
within the gene and thus creating a six base pair gap in the PCR product (Thiery et al.,
1995). The difference was sufficient to be detected using an automated sequencer but
was relatively insignificant to the reaction kinetics in the PCRs with the unknown target
DNA and the competitor DNA (Thiery et al., 1995).
Finally, the credibility of PCR for the quantitation of nucleic acids relies on the
assessment of the limits of the assay (Ferre, 1992). The sensitivity, specificity, accuracy,
precision, and reproducibility of the reaction must be determined in order to interpret the
results. Precision is the most important measurement of interassay variability while
reproducibility is the most important measurement of intraassay variability (Ferre, 1992).
Using internal competitive standards, however, eliminates many of the effects of
variability in the accurate quantitation of nucleic acids.

O b jectives
The primary objective of this thesis research was to develop a specific and sensitive
quantitative competitive polymerase chain reaction assay for Perkinsus marinus. This
study examined the relationship between the QCPCR assays and the more traditional fluid
thioglycollate media methods. Furthermore, the assay was employed to quantitate P.
marinus in environmental water samples.
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MATERIALS AND METHODS

P e rk in su s m a rin u s-sp e cific prim ers
Primers for this work were derived from the published P. marinus DNA sequences
for the ribosomal small subunit (SSU or 18S) gene (Fong et al., 1993) and the adjacent
internal transcribed spacer (ITS-1) sequence (Goggin, 1994). These primers, designated
PER-18S and PER-ITS, specifically amplified a 1210 base pair fragment of DNA from
within the SSU rRNA gene to within the ITS-1 of the ribosomal DNA region. Figure 1
shows the DNA sequence of the two primers as well as their location within the small
subunit rRNA gene and the internal transcribed region. The primer designated PER-ITS
was chosen from within the ITS-1 sequence because the ITS region (ITS-1 and ITS-2
together) was previously found to be specific (13% difference) to P. marinus in relation
to other species of the genus Perkinsus (Goggin, 1994). These two primers satisfied the
following general requirements for primers suitable for PCR. Efficient primers are
typically 18 to 28 nucleotides in length and have a 50 to 60 % guanidine and cytosine
(G+C) concentration (Innis and Gelfand, 1990). Also, the primer sequences did not have
complementarity at the 3’ ends of the primer pairs, runs of G ’s or C ’s at the 3’ ends, or
palindromic sequences within the primers (Innis and Gelfand, 1990).

Isolation of DNA from cultured cells
Perkinsus marinus cultures were obtained from Dr. Aswani Volety and from Dr.
Jerome LaPeyre (Virginia Institute of Marine Science, Gloucester Point, VA). P.

14

Figure 1. Sequence of the Perkinsus marinus small subunit rRNA gene (SSU) and the first
internal transcribed spacer (ITS1). The 1210 bp amplified region is in larger print with the
primer sequences PER-18S and PER-ITS underlined and ITS-MUT in bold type.

SSU
APCCVGGTTG
AT3GCICATT
C03ACTICGG
COCTKJICGC

AT0CT3CCAG
AAAACAGTTA
AAGQGCTOCG
GATXACXAT

TAGTCA'IATG
’IAGTTTATIT
TTTATTAGAT
TGAACOTKT

C TIU IU IC A A
OlfTGATCGAT
ACAGAAXAA
CA.CCTATCAG

AGATTAAGOC
TACTATTTCG
CCTAC3CICOG
CTATCGAOQG

ATOZATGICT
ATAACCGTAG
CCTAGICCTT
TAGGGIA'TIG

AAGTA'IAAGC
TAATTC.TAGA
GTIGCTIGATT
GCCTACGGIG

TTIAAACCGC
GCIAATACAT
CATAATAACC
GCGHGACGG

GAAACTGOGA
GCGTCAAOX
CQXCAATGA
GTIAAOGGGGA

ATTAGGGTTC GATIGCGZAG A X G A X C T C AGAAACGGCT xACCACATCTA AGCAAGGCAG CAAGGGGOX AAATIACCCA ATCCIGATAC
ACAGAGGTAG TGACAAGAAA TAACAATACA OGOCAATlUr GTCTIGTAAT TG SA 'K A G T AGATCTTAAA TCIGTITACG AGTATCAATT
GGAGQ3CAAG TGIGGTXCA X A X C 0 3 G T AATTCQAGCT CCAATAGGGT ATATTAAAGT TCITOOGITA AAAAGGIGGT A G T IX A T IT
CIGCCTTOGG OGACCGATCC AOCTIT

CCTA CGGGATTOGT TGCTATCAGg
TTTGACCTTG GCTTTTTCTT GGGATTCGTG CCCACGTACT TAAGTGTGCG TTGACCGTGT TCCAAGACTT
TTACTTTGAG GAAATTAGAG TGTTTCAAGC AGGCTTATGC CATGAATACA TTAGCATGGA ATAATAGGAT
ATGACTTCGG TCATATTTTG TTGGTTTCTA GGACTGAAGT AATGATTAAT AGGGACAGTC GGGGGCATTC
GTATTTAACT GTCAGAGGTG AATTCITGGA TTTGTTAAGA CGAACTACTG CGAAACAGTT TGCCAAGGAT
GTTTTCATTG ATCAAGAACG AAAGTTAGGG GATCGAAGAC GATCAGATAC CGTCCTAGTC TTAACCATAA
ACTATGCCGA CTAGGGATTG GGGGTCGTTA ATTTTAGAGG CCCTCAGCAC CTCGTGAGAA ATCAAAGTCT
TTQGGTTCCG GGGGGAGTAT GGTCGCAAGG CTGAAACTTA AAGGAATTGA CGGAAGGGCA CCACCAGGAG
TGGAGCCTGC GCTTAATTTG ATTCAACACG GGAAAACTCA CCAGGTCCAG ACATAGGAAG GATTGACAGA
TTGATAGCTC TTTCTTGATT CTATGGGTGG TGGTGCATGG CCGTTCTTAG TTGGTGGAGT GATTTGTCTG
GTTAATTCCG TTAACGAACG AGACGTTAAC CTGCTAAATA GTTGCGCGAA ACTTTATGTT TCGTCGCTAC
TTCTTAGAGG GACTTTGTGT ATTTAACACA AGGAAGCTTG AGGCAATAAC AGGTCTGTGA TGCCCTAGAT
GTCTGGGCTG CACGCXGCCT ACACTGACAC GATCAACAAG TATTTCCTTG CCCGGTAGGG TTAGGGTAAT
CTTTTGAAAT CGTGTCGTGC TAGGGAT.AGA CGATTGCAAT TATTCGTGTT CAACGAGGAA TTCCTAGTAA
ATGCAAGTCA TCAGCTTGCG TTGATTACGT CCCTGCCCTT TGTACACACG COGTCGCTCC TACCGATTGA
GTGATCCGGT GAGCTGTCX’G GACTGCATTA GTTCAGTTTC TGTTCTCTTC GCGGGAAGTT
IT S !
CTGCAAACCT TATCACTTAG AGGAAGGAGA AGTGGTAACA AGGTTTCGGT AGGTGAACCT GCGGAAGGAT
CATTCACACC
GATTCATTCT CTGAGAAACC

GftGATG

AGCGGTCTCc,

ctctctcttg ctC T T T T G T T

AGAGAGTTGC

GGAT CXXXXC.TTTG TTTCXATXC CCCA<XTTAA CTIGTTAAGG TGATTAATIG CTATGAACCA TIUTACTAGT CATAGTATX

AAATCCAATT TTCXATTTIG GTATTTC’A AA AOGAW TDCA
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marinus cells were maintained in culture according to the methods of Gauthier and Vasta
(1993) or LaPeyre et al. (1993) respectively. DNA was isolated from these cells as
follows. Cells were pelleted by centrifugation and washed twice with TE buffer (10 mM
Tris pH 8.0, 1 mM EDTA pH 8.0). Then 0.5 ml of lysing solution (50 mM Tris-HCl
pH 8.0, 100 mM EDTA pH 8.0, 1% Sarkosyl, 0.5 mg/ml Proteinase K) was added to
each tube. Samples were incubated overnight at 50 °C on a rotator. The lysing efficiency
of P. marinus cultured cells by this method was found to be 99.9%. As a result, no
correction for possible unlysed cells in a sample was necessary in subsequent quantitative
analysis. After incubation, the samples were extracted with an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) 1-2 times as needed to remove cellular
protein and then with chloroform:isoamyl alcohol (24:1) one time. DNA was precipitated
with 0.04 volumes of 5M NaCl and 2 volumes of 95% EtOH and stored overnight at
-20 °C. Nucleic acids were pelleted by centrifugation, washed with 70% EtOH, and
allowed to air dry. The DNA was resuspended in TE buffer. Genomic DNA was
digested for 2 hours at 37 °C with Xbal, a restriction endonuclease, prior to amplification
in order to cut up the DNA into fragments which are more accessible to the polymerase
during PCR. Xbal does not cut within the 1210 base pair PCR product. The restriction
endonuclease was inactivated by incubation at 65 °C for 20 minutes. The DNA was
stored at 4 °C until use in PCR reactions.
Similarly, cultured Perkinsus atlanticus cells were obtained from Dr. Stephen
Kleinschuster (Haskin Shellfish Research Laboratory, Rutgers University, Port Norris,
NJ). Although there has been some debate as to the identity of these cells, the cultured
cells have been identified as P. atlanticus (Kleinschuster et al., 1994). DNA was isolated
according to the method described above for cultured P. marinus cells.
DNA from various P. marinus isolates was obtained from Dr. Kimberly Reece
(Virginia Institute of Marine Science, Gloucester Point, VA). The in vitro cultures from
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Virginia (VA-1), Connecticut (CT-1), Louisiana (LA-1), and Texas (TX-1) were isolated
by D. Bushek (Bushek, 1994). The South Carolina (SC-1) culture was isolated by D.
Bushek (Reece et al., 1997a). The DNA was isolated as described above for other
cultured P. marinus isolates.
Recent phylogenetic evidence suggests that P. marinus is most closely related to the
dinoflagellates (Goggin and Barker, 1993; Fong et al., 1993; Goggin, 1994; Siddall et
al., 1995; Flores et al., 1996; Reece et al., 1997b; Siddall et al., 1997). As a result,
DNA was isolated from cultured Amphidinium sp., Peridinium sp., and Gymnodinium
sp. Dinoflagellate cultures were obtained from Carolina Biological Supply Company.
DNA was isolated from these cells using a microwave lysis preparation protocol
developed by Goodwin and Lee (1993) followed by hexadecyltrimethyl ammonium
bromide (CTAB) extractions (Ausubel et al., 1988). Briefly, cells were pelleted by
centrifugation, washed in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA), and
resuspended in 100 pi microwave lysis preparation buffer (50 mM Tris, pH 7.2, 50 mM
EDTA, 3% sodium dodecyl sulfate (SDS), 1% 2 - mercaptoethanol). The
microcentrifuge tubes were covered with parafilm and a small hole was punched in the
parafilm. The tubes were microwaved on high power until the onset of boiling after
approximately 1 minute. The samples were incubated for 10 minutes at 80 °C. After
incubation, 5 M NaCl was added to a final concentration of 0.7 M. One-tenth sample
volume of 10% CTAB in 0.7 M NaCl was added to each sample, and the samples were
incubated for 10 minutes at 65 °C. To remove both the contaminants and the CTAB, the
sample was extracted with an equal volume of chloroform:isoamyl alcohol (24:1). Again,
1/10 volume of CTAB was added to the aqueous layer and incubated for 10 minutes at
65 °C. This step was followed by a chloroform :isoamyl alcohol (24:1) extraction. The
sample was extracted with phenol:chloroform:isoamyl alcohol (25:24:1) and then again
with chloroforrmisoamyl alcohol (24:1). The DNA in the final aqueous layer was
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precipitated with the addition of 0.6 volumes of isopropanol and was stored overnight at
-20 °C. Nucleic acids were pelleted by centrifugation and washed in 70% EtOH. After
air drying, DNA was resuspended in TE buffer and stored at 4 °C. This procedure was
followed by ethidium bromide/high salt extractions (Stemmer, 1991). Briefly, 150 |!g
ethidium bromide and 140 pi 7.5 M ammonium acetate were added to the 250 pi of
resuspended DNA. The sample was extracted with an equal volume of
phenol:chloroform:isoamyl alcohol (25:24:1) and then with an equal volume of
chloroform:isoamyl alcohol (24:1). The DNA was precipitated with 2 volumes 95%
ethanol and 10 pg glycogen overnight at -20 °C. The DNA was pelleted by centrifugation
and resuspended in TE buffer.

P re p a ra tio n of scallop DNA sp ik ed w ith P. m arinus DNA
DNA from Argopecten irradians tissue was obtained from Jan McDowell (Virginia
Institute of Marine Science, Gloucester Point, VA). DNA was isolated as described
above for cultured Perkinsus marinus cells. Following isolation, DNA was purified by
CTAB extractions as described above for the dinoflagellate culture DNA isolations.
Scallop DNA was spiked with DNA isolated from cultured P. marinus cells. The DNA
mixture was digested with Xbal for 2 hours at 37 °C and then the enzyme was inactivated
at 65 °C for 20 minutes. The final concentration of P. marinus DNA in the background
of A. irradians DNA was 10 ng/pl, 500 pg/pl, or 10 pg/pl.

PC R with actin primers
DNA isolated from Crassostrea virginica, Argopecten irradians, Amphidinium sp.,
Gymnodinium sp., and Peridinium sp. was amplified with a pair of "universal" actin
primers designed by G. W arr (Medical University of South Carolina) and M. Wilson
(Mississippi State University). Each reaction was made from 1 pi DNA and 24 pi of
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master mix. Reagent concentrations were as follows: 10 mM Tris-HCl pH 8.3, 50 mM
KC1, 1.5 mM MgCl2, 0.01% (w/v) gelatin, 12.5 pmoles of each primer, 200 pM each of
dATP, dCTP, dGTP, and dTTP, bovine serum albumin (BSA, final concentration of
400 ng/pl), and 1 unit of AmpliTaq DNA polymerase (Perkin Elmer) in a total reaction
volume of 25 pi. Reactions were subjected to temperature cycling as follows: initial
denaturation step of 4 minutes at 95 °C, 40 cycles of 1 minute at 95 °C, 1 minute at
45 °C, and 3 minutes at 65 °C, and a final extension step of 5 minutes at 65 °C.

PCR with PER-18S and PER-ITS
Reaction conditions for the PCR with these two primers were optimized as it has been
demonstrated that factors such as polymerase concentration, deoxynucleotide triphosphate
concentration, buffer system, denaturation time and temperature, annealing temperature,
extension time, and cycle number affect the specificity and sensitivity of the PCR (Ehrlich
et al., 1991). PCR reactions were made from a master mix and 1 pi of DNA. The master
mix contained reaction buffer (In vitro gen 5x Buffer C: 300 mM Tris-HCl pH 8.5,
75 mM (NH 4) 2S 0 4 , 2.5 mM M gC b), 12.5 pmoles of each primer, 200 pM each of
dATP, dCTP, dGTP, and dTTP, BSA (final concentration of 400 ng/pl), and 1 unit of
Ampli Taq DNA polymerase (Perkin Elmer) in a total reaction volume of 25 pi. BSA has
been shown to overcome inhibition of the Taq polymerase by substances commonly
found in environmental samples (Kreader, 1996). Samples were denatured initially at
94 °C for 5 minutes. Then, the samples were cycled 35 times in a DeltaCycler II thermal
cycler (Ericomp) at 94 °C for 1 minute, 59 °C for 1 minute, and 72 °C for 3 minutes. A
final extension period of 5 minutes was inn at 72 °C. The annealing temperature of 59 °C
was found to yield one product band at 1210 bp as determined by comparison with DNA
size standards on an agarose gel. The LiCor automated sequencer could adequately detect
the product bands produced under these conditions.
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Construction of competitor DNA
A competitor DNA molecule was constructed. First, a new primer (ITS-MUT) was
chosen and synthesized (Genosys). This modified primer contained the entire sequence
of the PER-ITS primer; however, the ITS-MUT primer created a gap of thirteen
nucleotides in the sequence to be amplified by way of a link to a region of sequence
several bases upstream within the ITS-1 region. The location and sequence of the
ITS-MUT primer within the SSU rRNA gene is shown in Figure 1. Figure 2 illustrates
the modified primer sequence in relation to the original primer sequence. Amplification
with this ITS-MUT primer and the PER-18S primer was earned out according to the
protocol described above except that the annealing temperature was changed to 50 °C.
The resulting 1197 bp PCR product of PER-18S and ITS-MUT was homologous to the
PCR product from the original primer pair PER-18S and PER-ITS except for this thirteen
base pair deletion. The size difference between the modified and original PCR products
was sufficient to be detected on an acrylamide gel using an automated sequencer.
Furthermore, it has been shown that competitor molecules, which are less than 5%
different in size but otherwise homologous to the target sequence, amplify with relatively
the same reaction kinetics in the polymerase chain reaction as the wild-type target DNA
(Porcher et al., 1992; Thiery et al., 1995).
The PCR reaction mixture was then put on a PCR Select III spin column (5 Prime —>
3 Prime, Inc.) in order to remove the excess primers and dNTPs still present in the
reaction. The eluent was then ethanol precipitated overnight at -20 "C in the presence of
3M sodium acetate (pH 5.2) and glycogen. The DNA was pelleted by centrifugation,
washed with 70% ethanol, and allowed to air dry. The purified PCR product was
resuspended in deionized water and was then cloned using the TA Cloning Kit
(Invitrogen). The PCR product (ITS-MUT) was ligated into the plasmid pCR™2.1.
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Figure 2 . The nucleotide sequence of the original PER-ITS primer and the modified
ITS-MUT primer are shown in bold type and underlined. The modified ITS-MUT primer
contained the entire sequence of the original primer as well as an additional 10 bases
located upstream within the ITS region. During amplification, the modified primer
ITS-MUT (sequence shown at the bottom) annealed to the target DNA and looped out the
13 bases which are shown between the two bold underlined regions of sequence.

ORIGINAL

P R I ME R

(PER-ITS)

AACCAGCGGTCTCGCTCTCTCTTGCTCTTTTGTTAGAGAGTTGCGAGATGGGA

MODIFIED

PRIMER

(ITS-MUT)

AACCAGCGGT CTCGCTCT CT CTT GCT CTTTTGTT AG AG AGTTGCG AG AT GGGA

I
C AGCGGT CT CTTTT GTT AG AG AGTT GCG AG AT G
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Competent E. coli IN V aF ' cells were transformed with the plasmid. Plated colonies
which did not express blue color in the presence of X-gal were selected for analysis
(Sambrook et al., 1989).
Plasmid DNA was isolated using a PERFECTprep™ kit (5 Prime--> 3 Prime, Inc.)
according to the manufacturer's recommendations. Briefly, cultures of the transformed
E. coli cells were grown overnight in Luria broth at 37 °C. The cells were pelleted by
centrifugation. Solution I (buffered RNase A solution) was added and the cells were
resuspended by vortexing. In order to lyse the cells, Solution II (alkaline lysis solution)
was added, and the tube was mixed by inversion. Solution III (potassium acetate
solution) was added to neutralize the lysate. The cell lysate was centrifuged at 13000 x g.
The resultant supernatant was applied to a spin column. DNA binding matrix (450 |_il)
was added to the spin column. After centrifugation for 30 seconds, the filtrate was
decanted from the collection tube. DNA was precipitated by the addition of 400 jal of
Purification Solution diluted with ethanol. After centrifugation, the filtrate was again
decanted. TE which had been warmed to 65 °C was added to the spin column. Eluted
plasmid DNA was collected via centrifugation in a fresh collection tube.
In order to ensure the presence of the deletion, the ITS-MUT plasmid was sequenced
by the Sanger dideoxy chain termination method (Sanger et al., 1977). M13 universal
forward and reverse primers were used. These primers were labeled with the LiCor
IRD40 fluorescent dye. The ThennoSequenase kit (Amersham) was used for the
sequencing reactions. The reactions were run on a 4% acrylamide gel, and the sequence
was detected using the LiCor DNA 4000L automated sequencer.
The ITS-MUT plasmid DNA was quantitated using a Hoefer DyNA Quant 200
Fluorometer (Pharmacia Biotech Inc.). Finally, the ITS-MUT plasmid was digested with
Xbal for 2 hours at 37 °C. Xbal does not cut within the 1197 base pair PCR product.
The restriction endonuclease was inactivated by incubation at 65 °C for 20 minutes.
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Digested plasmid DNA was stored at 4 °C until its subsequent use in all QCPCR
reactions.

Construction of the control target plasmid
PCR was performed on P. marinus genomic DNA with the primers PER-18S and
ITS-25 (primer D from Goggin, 1994) as described above for PCR with PER-18S and
PER-ITS. The annealing temperature, however, was 55 °C. The resultant PCR product
was cloned into a plasmid via the methods described above for the ITS-MUT competitor
plasmid. The plasmid DNA was isolated, quantitated, and digested with Xbal as
described for the ITS-MUT competitor plasmid. This cloned PCR product (ITS25) was
used as a control target plasmid.

QC PC R
The QCPCR assay involved a two-phase approach. Titrations using a broad range of
competitor dilutions are performed to obtain a rough estimate of the amount of DNA and
then a second titration over a narrower range are performed for precise quantitation based
on the methods of Gilliland et al. (1990b). The primer PER-18S was labeled on its 5' end
with the fluorescent dye IRD41 (LiCor, Inc.). The first phase PCR included 23 pi of
master mix containing reaction buffer (300 mM Tris-HCl pH 8.5,75 mM (N H 4)2S04,
2.5 mM MgCl2), 3.75 pmoles of each primer (labeled PER-18S and unlabeled
PER-ITS), 200 pM each of dATP, dCTP, dGTP, and dTTP, 400 ng/pl BSA, and 1 unit
of Ampli Taq DNA polymerase (Perkin Elmer). A constant amount (1 pi) of target DNA
of unknown concentration was added to each of a series of reactions containing the
master mix and 1 pi of a known dilution of the competitor (5 pg/pl, 500 fg/pl, 50 fg/pl,
5 fg/p.1, 0.5 fg/p.1, or 0.05 fg/pl). Temperature cycling was earned out as described
above.
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The first phase of QCPCR spanned 6 orders of magnitude and often produced a
sigmoidal curve when the log of the signal intensity ratio (target/competitor) was plotted
against the log of the concentration of the competitor. Since quantitation should be done
on the linear region of the fitted curve, the first phase QCPCR results were only used for
estimating the dilution of the sample. Samples were diluted in TE to a concentration
within the linear range of the QCPCR second phase reactions. The second phase narrow
range PCR included 23 pi of master mix containing reaction buffer (Expand High Fidelity
buffer with 15 mM MgCl 2 from Boehringer Mannheim Corporation), 3.75 pmoles of
each primer (labeled PER-18S and unlabeled PER-ITS), 200 pM each of dATP, dCTP,
dGTP, and dTTP, 400 ng/pl BSA and 2.6 units of the Expand High Fidelity DNA
polymerase (cocktail of Taq polymerase and Pwo polymerase, Boehringer Mannheim
Corporation). This enzyme mixture offered a greater sensitivity due to the presence of
both Taq polymerase and Pwo polymerase. Pwo DNA polymerase has a 3' to 5'
exonuclease activity which allowed for increased fidelity and overall the cocktail produced
higher PCR yields. Oysters which were diagnosed with negative or rare infections were
often not quantifiable by the QCPCR assay using the AmpUTaq DNA polymerase;
however, the Expand High Fidelity system offered greater sensitivity and allowed
quantitation of at least six of these previously undetected infections in the oyster samples.
A constant amount (1 pi) of the diluted target DNA was added to each of a series of
reactions containing the master mix and 1 pi of a known dilution of the competitor
(1 fg/pl, 0.5 fg/pl, 0.1 fg/pl, 0.05 fg/pl, 0.01 fg/pl, or 0.005 fg/pl). Temperature
cycling was as described above.
The PCR products of the competitor DNA and the target DNA were separated and
visualized by acrylamide gel electrophoresis with a LiCor 4000L automated sequencer. A
4% acrylamide gel (12.6 g urea, 7.2 ml 5x TBE, 2.4 ml Long Ranger gel solution (FMC
BioProducts), 220 pi 10% ammonium persulfate, 22 pi TEMED in a total volume of
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30 ml) was poured between 25 cm glass plates 1 day prior to running. After PCR,
reactions were diluted 1:3 in stop buffer/loading dye (95% formamide, 10 mM EDTA,
0.1% Bromophenol Blue, pH 9) and denatured at 92 °C for 2 minutes prior to loading.
Approximately 0.5 jil of the diluted reaction was loaded onto the acrylamide gel. The
automated sequencer was programmed to run at 2000 volts, 25 mA, 45 Watts, and at
45 °C. The motor speed for the laser was set to 2 which corresponds to 5.4 cm/second.
After focusing, the signal gain was changed to 25 and the signal offset was changed to
102 to minimize the background. A second loading on the gel was done after the primer
front moved past the detection laser. A total of 10 frames of data were collected by the
LiCor BaselmagIR Data Collection software.
Amplification efficiency was determined for Ampli TV/<7DNA polymerase and the
Expand™ High Fidelity PCR system individually. Plasmid target and plasmid
competitor were used initially to determine amplification efficiency. Then, P. marinus
genomic DNA isolated from cultured cells was used as the target to determine the
amplification efficiency of the genomic DNA with the plasmid competitor.
Reproducibility of the assay was assessed by replicate QCPCR with plasmid target and
competitor and then with genomic DNA and plasmid competitor. Reproducibility was
determined for Ampli Taq DNA polymerase and the Expand™ High Fidelity PCR system
individually.

Oyster Collection
Oysters were collected from oyster bars at two sites in the James River, Virginia.
Twenty five of these oysters were used in the final QCPCR analysis. Fourteen oysters
were collected from Wreck Shoal in October 1996 01*January 1997 and eleven oysters
were collected from Point of Shoals in October or December 1996. Wreck Shoal has
historically been a site of P. marinus infections of heavy intensity. Each oyster was
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analyzed for the presence of P. marinus infection by QCPCR with hemolymph and
QCPCR with gill and mantle tissue as well as by Ray's FTM method, FTM hemolymph
assay, and whole oyster body burden RFTM analysis.

Perkinsus m arinus

RFTM

D iagnosis--Hem oIym ph

Oyster shells were notched and hemolymph samples were taken using a 23 gauge
needle and a 3 cc syringe. Approximately 0.6 ml of hemolymph was removed from each
oyster and dispensed in equal volumes into two microcentrifuge tubes. One hemolymph
aliquot was used for DNA isolation and the other was analyzed using the RFTM method
of Gauthier and Fisher (1990). One ml of RFTM with 500 units of
penicillin/streptomycin was added to the hemolymph. These tubes were incubated in the
dark for at least 7 days. After incubation, the samples were centrifuged to pellet the cells,
and the supernatant was removed. The pellet was resuspended in 1.0 ml of a 2M NaOH
solution and incubated at room temperature for 30 minutes. After the samples were
washed two times in distilled water, they were resuspended in 1.0 ml distilled water and
then stained in 50

jlxI

of a 1:6 dilution of Lugol’s iodine stain. Three replicates of 100 jil

each were aspirated onto 0.22 pm filter paper and the stained P. marinus cells were
counted by light microscopy at 50x magnification. Samples containing large numbers of
cells were diluted and counts were performed on the diluted samples. The entire sample
volume was counted when less than 10 cells were present in 100 pi aliquots.

P erkinsus m arinus

RFTM D iagnosis-Standard

Oysters were shucked and pieces of gill, mantle, and rectal tissues approximately
0.25 g in size were dissected and incubated in 10 ml RFTM and penicillin/streptomycin
(500 units/ml) for 7 days. After incubation, the tissues were removed, minced with a
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razor blade, and stained with Lugol’s iodine. Samples were examined under a light
microscope for P. marinus infections according to the methods of Ray (1952).

P e rk in su s m a rinu s

RFTM D iagnosis—Body Burden

After tissue pieces had been removed from the oyster for the standard RFTM assay
and for the QCPCR assay, the remaining oyster tissue was minced with a razor blade.
Minced tissue was weighed and added to a tube containing 20 ml of RFTM and
penicillin/streptomycin (500 units/ml RFTM). The whole tissue assay was performed
based on the procedure of Fisher and Oliver (1996). Samples were incubated in the dark
for 7-10 days. After incubation, the samples were centrifuged to pellet the cells. The
supernatant was removed, and the pellet was resuspended in 10 ml of 2M NaOH per
gram of tissue weight. Then the samples were incubated at 60 °C for 1 hour. The
digested samples were again centrifuged, and the supernatant was removed. Two washes
of 20 ml distilled water were used to remove residual NaOH. The resulting pellet was
resuspended in 1 ml of Lugol’s (1:6) iodine solution. Three replicates of 100 pi each
were aspirated onto 0.22 pm filter paper. Stained P. marinus cells were counted using a
light microscope at 50x magnification. When less than 20 cells were present in the
replicates, the entire sample volume was counted. If more than 300 cells were present in
each replicate, dilutions were made and counts were performed on the diluted aliquots.

Isolation of DNA from hemolymph
A 0.3 ml aliquot of hemolymph from each oyster was used for isolation of DNA.
Hemolymph samples were processed according to the methods of Stokes et al. (1995).
Briefly, cells in hemolymph samples were washed with TE buffer (10 mM Tris, pH 8.0,
1.0 mM EDTA) and resuspended in lysing solution (50 mM Tris, pH 8.0, 100 mM
EDTA, 1% Sarkosyl, 0.5 mg/ml proteinase K). After incubation overnight at 55 °C on a

27
rotator, the samples were extracted with an equal volume of phenol:chloroform:isoamyl
alcohol (25:24:1) and then with an equal volume of chloroform:isoamyl alcohol (24:1).
Nucleic acids were precipitated by the addition of 2.5 volumes of ethanol and
0.04 volumes 5 M NaCl. Samples were further purified by the ethidium bromide/high
salt extraction procedure described above (Stemmer, 1991). DNA was resuspended in
TE and stored at 4 °C. Before use in QCPCR, the DNA was digested with Xbal as
described above.

Isolation of DNA from gill and mantle samples and rectum samples
Genomic DNA was isolated from the samples of oyster gill and mantle tissue using a
modification of the method by Hill et al. (1991). The 0.25 g tissue samples were
homogenized with disposable grinders in 0.25 ml of TE buffer in microcentrifuge tubes.
The cells were pelleted by centrifugation, washed in TE buffer, and incubated in 25 |al of
5.9 M guanidine thiocyanate at 60° C for 90 minutes to lyse the cells. Lysates were
diluted with dH 20 to achieve a final guanidine thiocyanate concentration of 0.3 M and
then extracted twice with equal volumes of chloroformrisoamyl alcohol (24:1). DNA was
precipitated at -20° C overnight with 0.6 volume isopropanol and 0.1 volume 3M NaOAc
(pH 5.2). The resuspended DNA was further purified by the ethidium bromide/high salt
extraction procedure as described above (Stemmer, 1991). Finally, the nucleic acids
were resuspended in TE buffer and stored at 4 °C. Before use in QCPCR reactions, the
DNA was digested with Xbal as described above.
Rectum samples (approximately 1/3 of the rectum) were put into microcentrifuge tubes
containing 0.25 ml of TE buffer. DNA was isolated from rectum samples as for the gill
and mantle samples.
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Concentration of DNA
All DNA isolated from hemolymph samples and gill and mantle samples was
reprecipitated before use in PCR reactions in order to increase the DNA concentration.
Following the initial isolation, the volume of DNA resuspended in TE buffer was
adjusted to 250 pi with dH 20 , and 140 pi of 7.5 M NH 4OAC, 1 ml 95% ethanol, and
10 pg of glycogen were added. DNA was precipitated overnight at -20 °C and pelleted
by centrifugation. The concentrated DNA was resuspended in TE and stored at 4 °C.
The recovery of DNA after ammonium acetate precipitation was found to be
approximately 82% for the oyster tissue DNA samples by quantitation using the Hoefer
DyNA Quant 200 Fluorometer (Pharmacia Biotech Inc.) before and after reprecipitation.

Standard curve preparation
Cultured P. marinus cells were enumerated using trypan blue exclusion staining.
Briefly, equal volumes of cell culture and trypan blue were mixed and 25 pi of the mix
were put onto a hemocytometer. Cells were counted using a light microscope at 50x
magnification. Duplicate counts were made and cell viability was assessed. Dilutions of
the culture were made in 0.22 pm filtered York River water.
Oysters which were suspected to be uninfected were obtained in June 1997 from
Deep Water Shoals in the James River. At least 1 ml of hemolymph was taken from each
oyster with a 23 gauge needle and divided into 0.3 ml samples. Oysters were shucked,
and the gill and mantle tissue from each oyster was cut into 0.25 g samples. The
hemolymph and gill and mantle tissues were frozen by immersion in liquid nitrogen and
stored at -80 °C.
DNA was isolated from hemolymph samples and gill and mantle samples as described
above. From each oyster, a hemolymph sample and a gill and mantle sample were
screened for P. marinus infection using the PCR assay described above. No competitor
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was added to these reactions and PCR was performed using the High Fidelity polymerase
protocol as described above.
After obtaining negative results, the hemolymph samples and the gill and mantle
samples were spiked with P. marinus cultured cells (1()2"106 cells) in-triplicate. DNA
was isolated from the spiked hemolymph samples and gill and mantle samples as
described above. After digestion with Xbal, DNA was subjected to QCPCR as described
above. Standard curves were constructed to relate the number of cultured P. marinus
cells to the amount of DNA as determined by QCPCR analysis.

York River samples
Water samples were taken from the ferry pier in the lower York River at the Virginia
Institute of Marine Science in Gloucester Point, Virginia on September 26 and October
13, 1997. One liter water samples were collected at a depth of 1 m. W ater samples were
filtered through a 35 pm nylon sieve to remove large particulate matter, and equal
volumes of these samples were put into four 250 ml conical centrifuge bottles. The
samples were centrifuged to pellet the particles, and the supernatants were removed by
aspiration. The four resultant pellets were pooled and resuspended in 0.22 pm filtered
York River water. Samples were stored at 4 “C until use.
DNA was isolated from the water samples according to the microwave prep method
described above (Goodwin and Lee, 1993). DNA was isolated from one water sample
from the September 26, 1997 sampling date and from three replicate water samples from
the October 13, 1997 sampling date. This protocol was again modified to include the
CTAB extractions in order to eliminate inhibitors of Taq DNA polymerase, which are
commonly found in environmental samples (Wilson, 1994). The DNA samples were
digested with Xbal and submitted to QCPCR analyses as described above. Before
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loading, the PCR reactions were diluted 1:2 with stop buffer/loading dye. Approximately

1 jil of the diluted reaction was loaded onto the acrylamide gel.
Three additional water samples taken on October 13, 1997 were filtered and
centrifuged as described above. The pellets, however, were pooled and resuspended in a
tube containing 20 ml of RFTM and penicillin/streptomycin (500 units/ml RFTM). These
samples were incubated in the dark for 7-10 days. This method was similar to that
described for the whole oyster body burden assay described by Fisher and Oliver (1996).
After incubation, the samples were centrifuged to pellet the cells. The supernatant was
removed, the pellet was resuspended in 25 ml of 2M NaOH, and the samples were
incubated at 60 °C for 1 hour. The digested samples were again centrifuged, and the
supernatant was removed. Two washes of 20 ml distilled water were used to remove
residual NaOH. The resulting pellet was resuspended in 1 ml of Lugol’s (1:6) iodine
solution. Counts of the entire sample were made using the light microscope at 50x
magnification.

Data Analysis
The software package GenelmagIR (RFLPscan, Scanalytics) was utilized to calculate
the peak areas under the Gaussian curves (integrated density of the bands) fitted to both
the target and competitor PCR product bands. The signal intensity or integrated density
value represents the peak area which is a measure for the relative fluorescence of the
product band as well as the time a specific fragment takes to migrate past the scanning
window of the laser beam. This peak area is proportional to the molar amount of the
DNA fragment when fragments of similar length are compared (Hahn et al., 1995). The
logarithm of the ratio of the integrated densities of the product bands (target/competitor)
was plotted against the logarithm of the amount of competitor initially added to the
reaction (Cross, 1995). Linear regressions were performed on the data, including all
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replicates (Zar, 1984), in order to assess the relationship of the variables. The regression
curve equation was given in the form y = mx + b where m represents the slope of the
line. The equivalence point was determined by solving the regression equation for the
curve when the ratio of signal intensity of the target/competitor is 1 (y=0) (Piatak et al.,
1993; Zimmermann and Mannhalter, 1996).
The amount of DNA in the target sample as determined by the equivalence point was
corrected for dilution, volume of DNA prep used in the PCR, and reprecipitation
recovery. In addition, a genomic correction factor was determined for each enzyme used
in the QCPCR assay. The genomic correction factor was used to correct for the
difference in the number of the specific sequence in equivalent amounts of target and
genomic DNA. The correction factor was determined by correcting the equivalence point
for each of the genomic target concentrations within the range of quantitation. For
Ampli7r/g DNA polymerase, the correction factor was determined from the series of
reactions with 1 pi of the 10 ng/pl, 1 ng/pl, 500 pg/pl, 50 pg/pl, 20 pg/pl, and 10 pg/pl
P. marinus genomic target DNA. For the Expand™ High Fidelity PCR system, the
genomic correction factor was determined from QCPCR with 1 pi of the P. marinus
genomic target DNA at concentrations of 5 fg/pl, 1 fg/pl, and 0.5 fg /p l. Only the
narrow range (2nd phase) QCPCR was used for the Expand™ High Fidelity genomic
correction factor since this enzyme was used only with this method. The correction
factors determined from each concentration of genomic target DNA were averaged for
each of the enzymes. For all oyster tissue samples, the Expand™ High Fidelity genomic
correction factor was used to correct the estimated DNA concentration. Finally, the
amount of DNA calculated by QCPCR was converted to cells per gram for gill and mantle
samples or to cells per milliliter for hemolymph samples using the appropriate equation
for the linear regression. The 95% confidence intervals were calculated for each standard
curve linear regression in order to estimate the standard error of the slope of the line.
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Individual data points on the hemolymph standard curve and the gill and mantle standard
curve were determined identically to the gill and mantle or hemolymph samples.
Comparisons of the weight standardized parasite burden obtained from the whole
tissue assay or the hemolymph assay, the intensity rank obtained from Ray's FTM assay,
and the QCPCR diagnoses were made in pairs. Regression analyses were employed to
illustrate any specific relationships between the assays. The significance of the
relationship was determined by the p value of the ANOVA F statistic for each pair of
assays.
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RESULTS

PC R Sensitivity and Specificity
Perkinsus marinus specific primers'PER-18S and PER-ITS amplified a 1210 base pair
region of DNA from the small subunit ribosomal RNA gene and first internal transcribed
spacer region (Figure 1). This region is present in the genome in multiple copies.
Amplifying a sequence from this multi-copy region provided more copies of the template
sequence for the annealing of the PCR primers. Thus, the sensitivity of the assay was
increased. On an ethidium bromide stained agarose gel, the PCR product resulting from
amplification with 100 fg of DNA isolated from P. marinus cultured cells was easily
detected. Using the LiCor automated sequencer to detect fluorescently-labeled PCR
products, as little as 0.005 fg of P. marinus DNA in a background of approximately
0.4 |ig of C. virginica DNA was detected on a polyacrylamide gel. Furthermore, the
LiCor automated DNA sequencer detected P. marinus PCR product from the DNA of 2
cultured cells in a background of approximately 5 mg of oyster tissue. Using 1 \x\ of
unpurified PCR product in a second amplification step did not increase the sensitivity of
the assay.
These primers did not have any significant homology to Crassostrea virginica,
dinoflagellates, Haplosporidium nelsoni, or other Perkinsus species when compared to
sequences from Genbank. Amplification with DNA isolated from cultured Perkinsus-1
cells yielded the expected PCR product of 1210 bp. Furthermore, DNA isolated from
geographic isolates of P. marinus cultured cells from Virginia, Connecticut, South
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Carolina, Louisiana, and Texas amplified with the PER-18S and PER-ITS primers under
the conditions described for this PCR assay.
DNA isolated from Crassostrea virginica, Argopecten irradians, Amphidinium sp.,
Gymnodinium sp., and Peridinium sp. yielded the appropriate PCR product when tested
with "universal" actin gene primers. No PER-18S and PER-ITS PCR product was
detectable on an ethidium bromide stained agarose gel after amplification with Crassostrea
virginica DNA. In addition, no product band was detected by the LiCor automated DNA
sequencer on an acrylamide gel after PCR with C. virginica DNA and the fluorescentlylabeled Perkinsus marinus primer set. DNA isolated from C. virginica tissue spiked with
cultured P. marinus cells yielded the appropriate PCR product. DNA isolated from the
scallop Argopecten irradians and spiked with DNA from cultured P. marinus cells
produced one PCR product band of 1210 bp. When DNA isolated from the
dinoflagellates Amphidinium sp., Gymnodinium sp., and Peridinium sp. were tested, no
product was detected after PCR with PER-18S and PER-ITS. More importantly, no
product was detected after PCR with the PER-18S and PER-ITS primers and DNA
isolated from cultured Perkinsus atlanticus cells.

Quantitative Competitive Polymerase Chain Reaction (QCPCR)
Series of reactions with plasmid target DNA concentrations ranging from 100 pg/pl to
10 fg/pl are depicted in Figure 3. Each of the six target concentrations is represented by
an individual curve which corresponds to the series of dilutions of the competitor. The
regression curves (log signal intensity ratio (target/competitor) vs. log concentration of
competitor) show slopes ranging from -1.45 to -0.805. Quantitation was possible for
this entire range of plasmid target concentrations. The equivalence points for each of the
series of reactions were found to be 81.010 pg, 12.113 pg, 1.212 pg, 0.140 pg, and
0.0134 pg for 100 pg, 10 pg, 1 pg, 0.1 pg and 0.01 pg of target DNA respectively.
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Figure 3. QCPCR with plasmid target DNA (ITS25) and plasmid competitor DNA (ITSMUT) with Ampli Taq DNA polymerase. 100 pg, 10 pg, 1 pg, 0.1 pg, or 0.01 pg of the
plasmid target DNA was used in each QCPCR series. The linear regression equations are
given in the form f(x) = mx + b where m is the slope of the linear curve. R^ values for
each of the regressions are given.
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These values represent the initial amount of target DNA in the reaction before
amplification. Triplicate QCPCRs were run for 2 concentrations of target plasmid DNA,
50 pg/p.1 and 0.05 pg/pl (Figure 4). All replicate series yielded slopes close to -1. For
these replicates, the equivalence point was found at 51.059 ± 3.636 pg for the 50 pg
series (Figure 4A) and at 0.056 ± 0.004 pg for the 0.05 pg series (Figure 4B).
QCPCRs with known concentrations of genomic target DNA ranging from 10 ng/pl to
10 pg/pl were run with the appropriate series of competitor plasmid DNA (Figure 5).
Slopes of the fitted curves ranged from -0.842 to -1.39 indicating the nearly equivalent
amplification efficiencies of the genomic target and plasmid competitor. Digestion of the
DNA with Xbal made the amplification efficiencies of genomic and plasmid DNA more
equivalent. For the series of reactions with 1 pi of the genomic target DNA
concentrations of 10 ng/pl, 1000 pg/pl, 500 pg/pl, 100 pg/pl, 50 pg/pl, 20 pg/pl, and
10 pg/pl, the QCPCR assay yielded equivalence points at 0.269 ng, 26.122 pg,
13.032 pg, 2.523 pg, 1.067 pg, 0.449 pg, and 0.209 pg. Utilizing these calculated
equivalence points, the genomic correction factor was determined to be 41.825 ± 4.460
for Ampli Taq DNA polymerase. This genomic correction factor was subsequently used
to correct for differences in the number of target sequences in pg of genomic DNA versus
pg of plasmid DNA. The reproducibility of the QCPCRs with genomic target DNA and
plasmid competitor DNA is shown with three replicates for each of the two concentrations
used (Figure 6). For 500 pg of genomic target DNA, the equivalence point was found at
9.234 ± 0.199 pg. For 50 pg of genomic target DNA, the equivalence point was found at
0.931± 0.042 pg. Using the genomic correction factor for the Ampli Taq DNA
polymerase, the corrected equivalence points were found to be 386.2 pg and 38.9 pg for
the 500 pg and 50 pg reactions respectively.
The amplification efficiencies of the plasmid target and plasmid competitor molecules
were then tested for QCPCR with the High Fidelity system (Figure 7). Target
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Figure 4. QCPCR with plasmid target DNA (ITS25) and competitor plasmid (ITS-MUT)
with Ampli7tfg DNA polymerase. Reproducibility was assessed with three replicate
QCPCRs (designated 1, 2, and 3) for each target DNA concentration. The linear
regression equations are given in the form f(x) = mx + b where m is the slope of the
linear curve. R^ values are given for each of the regressions. (A) 50 pg plasmid target
DNA. (B) 0.05 pg plasmid target DNA.
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Figure 5. QCPCR with P. marinus genomic target DNA and plasmid competitor DNA
with AmpliTciq DNA polymerase. 10 ng, 1 ng, 500 pg, 100 pg, 50 pg, 20 pg, or 10 pg
of genomic target DNA was used in each of the QCPCR series. The linear regression
equations are given in the form f(x) = mx + b where m is the slope of the linear curve.
R^ values are given for each of the regressions.
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Figure 6. QCPCR with P. marinus genomic target DNA and competitor plasmid (ITSMUT) with AmpYiTaq DNA polymerase. Reproducibility was assessed with three
replicate QCPCRs (designated 1, 2, and 3) for each target DNA concentration. The linear
regression equations are given in the form f(x) = mx + b where m is the slope of the
linear curve. R^ values are given for each of the regressions. (A) 500 pg genomic target
DNA. (B) 50 pg genomic target DNA.
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Figure 7. QCPCR with plasmid target DNA (ITS25) and plasmid competitor DNA (ITSMUT) with Expand™ High Fidelity PCR System DNA polymerase. 100 pg, 100 fg, or
1 fg of plasmid target DNA was used in each of the QCPCR series. The linear regression
equations are given in the form f(x) = mx + b where m is the slope of the linear curve.
R^ values for each of the regressions are given.
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concentrations were 100 pg/ql, 100 fg/|il, and 1 fg/pl. The corresponding equivalence
points were found to be 112.720 pg, 80.168 fg, and 0.782 fg. The slopes of the log-log
plots, which ranged from -1.21 to -1.42, indicated that the target and competitor plasmids
were amplifying with relatively equal efficiencies. After the plasmid target DNA was
tested, genomic DNA isolated from cultured P. marinus cells was used in QCPCR
reactions with the competitor plasmid (Figure 8). Due to the equivalent amplification
efficiencies depicted, quantitation was possible for 50 pg to 0.5 fg of target DNA. In
Figure 8B, the QCPCR second phase reactions with 5 fg, 1 fg, and 0.05 fg of P. marinus
genomic DNA resulted in the determination of equivalence points at 0.489 fg, 0.134 fg,
and 0.119 fg respectively. The narrow range series of reactions allowed a genomic
correction factor of 7.296 ± 3.015 to be calculated for the more specific, higher yielding
High Fidelity system. Reproducibility for genomic target DNA and plasmid competitor
DNA was assessed for the High Fidelity system with 1 pg and 5 fg of target DNA
(Figure 9). Because these values fell at approximately the midpoint of the broad and
narrow range competitor series after conversion using the genomic correction factor,
these concentrations were used for reproducibility assessment. The equivalence point for
1000 fg of target DNA was found to be at 110.979 ± 29.785 fg while the equivalence
point for 5 fg of target DNA was found to be at 0.340 ± 0.079 fg. Utilizing the genomic
correction factor for the High Fidelity PCR System, the corrected values were 809.7 fg
and 2.483 fg respectively.

P e r k in s u s m a rinu s Infection Diagnosis
The P. marinus infection intensities of the twenty five oysters processed by QCPCR,
Ray's FTM assay (Ray, 1952), whole oyster body burden (Fisher and Oliver, 1996), and
FTM hemolymph assay (Gauthier and Fisher, 1990) are described below. The gel image
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Figure 8. QCPCR with P. marinus genomic target DNA and plasmid competitor DNA
with Expand™ High Fidelity PCR system DNA polymerase. The linear regression
equations are given in the form f(x) = mx + b where m is the slope of the linear curve.
R^ values are given for each of the regressions. (A) 50 pg, 5 pg, 500 fg, or 50 fg of
genomic target DNA was used in each of the QCPCR series. Plasmid competitor DNA
concentrations were 5 pg/ptl, 500 fg/jil, 50 fg/jil, 5 fg/jil, 0.5 fg/jil, and 0.05 fg/jil as
described for the broad range QCPCR. (B) 5 fg, 1 fg, or 0.5 fg of genomic target DNA
was used in each of the QCPCR series. Plasmid competitor DNA concentrations were
1 fg/ptl, 0.5 fg/jixl, 0.1 fg/jil, 0.05 fg/jil, 0.01 fg/jil, and 0.005 fg/jil as described for the
narrow range QCPCR.
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Figure 9. QCPCR with P. marinus genomic target DNA and competitor plasmid (ITSMUT) with Expand™ High Fidelity PCR system DNA polymerase. Reproducibility
was assessed with three replicate QCPCRs (designated 1, 2, and 3) for each target DNA
concentration. Plasmid competitor DNA concentrations were 1 fg/pl, 0.5 fg/|il, 0.1
fg/|il, 0.05 fg/|il, 0.01 fg/jil, and 0.005 fg/pl for each QCPCR series. The linear
regression equations are given in the form f(x) = mx + b where m is the slope of the
linear curve. R^ values are given for each of the regressions. (A) 1 pg genomic target
DNA. (B) 5 fg genomic target DNA.
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(Figure 10) depicts a representative gill and mantle sample (Oyster 18) second phase
series of QCPCR reactions because only the second phase portion of the QCPCR assay
was used to quantitate the amount of DNA in the sample. A plot of the log of the signal
intensity ratio (target/competitor) versus the log of the concentration of the competitor for
the same gill and mantle sample (Oyster 18) is shown in Figure 11. A linear regression
of these data yielded a curve with equation y= -0.271 - 1.347 x. Solving this equation
for y=0, the value of x at the equivalence point was determined. The amount of DNA in
fg was calculated to be 0.63 fg from this graph. This value was corrected for
reprecipitation recovery (0.82), dilution (200000) and enzyme genomic correction factor
(7.296). Finally, the results were transformed to yield DNA per gram of tissue (x4).
The resultant amount of P. marinus DNA was found to be 3015290.88 fg (or 3.02 (ig)
per gram of tissue for Oyster 18.
For rectal tissue samples, PCR inhibitors prevented consistent amplification in even
the heaviest infections. PCR product bands were not detected after the first amplification
in 9 of 25 oysters which were subsequently found to be positive for Perkinsus marinus
by gill and mantle QCPCR, Ray's FTM assay, and the body burden assay.
Standard curves which related the amount of DNA (fg) to the number of cultured
Perkinsus marinus cells in gill and mantle (Figure 12) and in hemolymph (Figure 13) are
shown. The regression equation y=0.273 + 1.215 x from the log-log graph was used to
calculate the number of P. marinus cells per gram of gill and mantle tissue. Thus, for the
gill and mantle sample from Oyster 18, there were 128,825 P. marinus cells per gram of
oyster tissue. The 95% confidence intervals were determined in order to estimate the
range of numbers of cells which could be calculated for the corresponding amount of
DNA (3.02 jig). For the hemolymph samples, the regression equation
y=3.038 + 0.903 x from the log-log graph was used to calculate the number of P.
marinus cells per milliliter of hemolymph.
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Figure 10. LiCor automated sequencer acrylamide gel image of fluorescently-labeled
PCR products. The image depicts the QCPCR with the Oyster 18 gill and mantle sample.
The 1210 bp band is the target DNA product and the 1197 bp band is the competitor DNA
product. Each lane represents a single QCPCR with a constant aliquot of genomic target
DNA. In addition, one of a series of dilutions of the plasmid competitor DNA was added
to each reaction: 1 fg, 0.5 fg, 0.1 fg, 0.05 fg, 0.01 fg, and 0.005 fg (lanes 1-6
respectively).

1210 bp
1197 bp
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Figure 11. QCPCR with genomic target DNA isolated from Oyster 18 gill and mantle
sample. A constant aliquot of the genomic DNA isolated from the Oyster 18 gill and
mantle tissue and one of the series of dilutions of the plasmid competitor DNA (1 fg,
0.5 fg, 0.1 fg, 0.05 fg, 0.01 fg, and 0.005 fg) composed each of the reactions. The
linear equation and the

value is given for the regression.
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Figure 12. Gill and mantle tissue standard curve illustrates the relationship between the
log of the amount of DNA (fg) determined by QCPCR and the log of the number of
Perkinsus marinus cells per sample. Three replicates for each cell number sample (10^106) were analyzed. The 95% confidence intervals are shown. The linear equation and
the

value are given for the regression.
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Figure 13. Hemolymph standard curve depicts the relationship between the log of the
amount of DNA (fg) determined by QCPCR and the log of the number of Perkinsus
marinus cells per sample. Three replicates for each cell number sample (lO^-lO^) were
analyzed. The 95% confidence intervals are shown. The linear equation and the R^
value are given for the regression.
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Table 1 lists the P. marinus infection diagnosis results for all 5 procedures which were
performed on each oyster. For the QCPCR results, any number greater than 0 but less
than 1 was assigned a value of 1 cell. Ray's FTM assay diagnosed only 19 infections
while the body burden whole oyster tissue assay diagnosed infections in 24 of the 25
oysters. The FTM hemolymph assay detected 22 infections. QCPCR with both the gill
and mantle tissue sample and the hemolymph sample detected 24 infections. Six oysters
were diagnosed as uninfected by Ray's FTM assay. Four of these six oysters (Oysters
22, 43, 44, and 49) were diagnosed as positive by all of the other methods employed.
Another oyster (Oyster 46) diagnosed as negative by RFTM was also found to be
negative by the FTM hemolymph assay but positive by all other methods. Finally, Oyster
48 was found to be uninfected by Ray's FTM assay and QCPCR gill and mantle assay
although all three other methods resulted in positive diagnoses.
Oyster 3 was found to be infected by all methods employed except for the FTM
hemolymph assay. Oyster 36 was positive for P. marinus infection by Ray's FTM assay
and QCPCR gill and mantle assay but was found to be negative by FTM hemolymph,
body burden, and QCPCR hemolymph. All of the other 17 oysters were found to be
infected by all five methods employed.
Regression analysis was performed on the results from diagnosis methods in pairs
(Figure 14). The data from the body burden, FTM hemolymph, QCPCR gill and mantle,
and QCPCR hemolymph assays were log transformed prior to analysis. Values that
appeared in Table 1 as positive by QCPCR but below the level of quantitation were not
included in the regression analysis. Table 2 lists the R^ values obtained from the
regression and the p values obtained from the ANOVA. All pairs analyzed resulted in
highly significant correlations (p<0.0001). The relatively high R^ values (range 0.568
to 0.875) indicated a good fit of the data with the regression curve and that much of the
variance of the dependent variable could be accounted for by the independent variable.
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Table 1. Perkinsus marinus infection diagnosis by Ray's FTM assay, body burden
assay (#cells/g), QCPCR with gill and mantle tissue (#cells/g), FTM hemolymph assay
(#cells/ml), and QCPCR with hemolymph (#cells/ml).

O y ste r #

1
2
3
4
5

6
12
14
16
17
18
19

21
22
23
26
31
34
36
38
43
44
46
48
49

R FT M
ra n k

Body
B u rd e n
# c e lls /g

1

0.5

3332
11379338
76
3397
2040
595104
102237
5437
1235772
427083
4217826
663727
38725490
44538
274296
258763
3219
120622

1

0

0.5

185
640
1087
4167
18
14

5
0.5
0.5
0.5
4

1
1
5

1
5
3
5

0
2
4

1

0
0
0
0
0

QCPCR
gill and
m a n tle
# c e lls /g
3090
4466840
468
30
275
22909
2042
589
60256
37154
128825
134896
2187760
324
9333
15136
427
158
+ a

FTM
h e m o ly m p h
# c e lls/m l

Q CPCR
h e m o ly m p h
# c e lls /m l

27
3689

920

8

7
7
13

49
155
7

0
+ a

0
13
7
4622
7
30
62833
7200
17778

22000
5866667
40
7222
84444
37
27

0

0
3
40

2
1
1
1
224

22
1
1125
398
2618
867
20512

1
58
12503
25
15

0
1
1
1
1
1
+ a

a denotes a positive oyster sample by QCPCR; however, the sample was below the level
of quantitation (<0.005 fg)
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Figure 14. Regression analysis for pairwise comparison of Perkinsus marinus diagnostic
methods: Ray's FTM assay, whole oyster body burden assay, FTM hemolymph assay,
QCPCR gill and mantle assay, and QCPCR hemolymph assay. Regressions were
performed on the number of P. marinus cells calculated using each of the methods.
Regression equations and R~ values are given for each of the graphs. Graphs depict log
transformed data from all assays except the Ray's FTM rank data. (A) QCPCR gill and
mantle vs. body burden. (B) QCPCR hemolymph vs. body burden. (C) QCPCR gill
and mantle vs. Ray's FTM rank. (D) QCPCR hemolymph vs. Ray's FTM rank. (E)
QCPCR gill and mantle vs. FTM hemolymph. (F) QCPCR hemolymph vs. FTM
hemolymph. (G) QCPCR gill and mantle vs. QCPCR hemolymph.
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Table 2. Comparison by regression of all Perkinsus marinus diagnostic assays. All data
were log transformed before regression analysis except for RFTM rank data. R 2 values
and p values are given for each comparison.

RFTM rank
RFTM rank

—

log body
R2=0.713
burden
pcO.OOOl
log QCPCR
R 2=0.716
gill and mantle pcO.OOOl
log FTM
R2=0.637
hemolymph
pcO.OOOl
log QCPCR
R2=0.568
hemolymph
pcO.OOOl

log body
burden

log QCPCR
gill and
mantle

-----------

log FTM
hemolymph

log QCPCR
hemolymph

-----------

-----------

----

----

----

----

R 2=0.758
pcO.OOOl
R 2=0.675
pcO.OOOl
R 2=0.753
pcO.OOOl

----

----

----

R 2=0.735
pcO.OOOl
R2=0.752
pcO.OOOl

----

~

R2=0.875
pcO.OOOl
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York River W ater Sam ples
Figure 15 illustrates the raw QCPCR data for the September 26, 1997 water sample.
The equivalence point was found to be at 0.892 fg DNA. After correcting for dilutions
(2000), sample size (20), and genomic correction for the enzyme (7.296), the sample was
found to have 260466.271 fg (or 260.5 pg) P. marinus DNA per liter of water. For the
October 13, 1997 sampling date, triplicate one liter water samples were analyzed by
QCPCR. Two of the three samples were diagnosed as positive for P. marinus presence;
however, these samples were below the limit of quantitation (< 0.005 fg DNA). No P.
marinus cells were found in an additional three replicate water samples taken on October
13, 1997 and processed by the modified RFTM body burden protocol.
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Figure 15. QCPCR with genomic target DNA isolated from York River sample (#2)
from September 26, 1997. Plasmid competitor DNA concentrations were 1 fg/pl,
0.5 fg/jil, 0.1 fg/p.1, 0.05 fg/pl, 0.01 fg/pl and 0.005 fg/pl. The linear equation and the
R^ value are given for the regression.
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DISCUSSION

Quantitative competitive PCR was employed to detect and quantitate Perkinsus
marinus cells in oyster tissues and in environmental water samples. Primers amplified a
1210 bp region of the small subunit rRNA gene and the first internal transcribed spacer
region of P. marinus. A competitor molecule was constructed which was homologous to
the target sequences except for a 13 bp deletion. A two phase system allowed accurate
quantitation of P. marinus DNA in 25 oyster samples within the linear range. The
advantage of QCPCR over noncompetitive quantitative PCR stems from the competitor
and the target being amplified in the same reaction tube and thus being equally affected by
variations in inhibitors, temperature cycling, and reaction component concentrations.
In order to quantitate DNA based on the known concentration of the competitor, the
amplification efficiency for both the target and the competitor must be assessed under the
assay conditions. According to Cross (1995), the slope of the plot of the log of the signal
intensity ratio (target/competitor) versus the log of the competitor concentration should be
equal to -1 when the amplification efficiencies are equivalent; however, slight deviations
from this value will not affect the determination of the equivalence point as long as a
series of reactions which span the equivalence point is performed. A parallel shift of the
curve can result from a difference in amplification efficiency in all of the reactions in the
series (Raeymakers, 1995). Slight deviations from a slope o f -1 in the graphs presented
here may be accounted for by several sources of error; however, quantitation would still
be accurate since a series of reactions which spanned the equivalence point was
performed. Pipeting appeared to be a major source of error in the second phase series of
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QCPCR reactions. Small pipeting errors may have altered the QCPCR series of reactions
due to the fact that the competitor dilution series concentrations were in 2-fold or 5-fold
increments. Replicate QCPCR reactions were performed on samples when error seemed
extreme as judged by banding patterns which were inconsistent across the series of
reactions. In these cases, data from all replicates were used in the determination of the
equivalence point. Genomic target DNA as well as the plasmid competitor DNA were
digested with a restriction endonuclease in order to make the sequences more accessible to
the DNA polymerase in the PCR. This digestion procedure was shown to make the
amplification efficiencies of genomic-and plasmid DNA more equivalent. Another source
of error may have been the degradation of the competitor molecule over time. While the
concentration of the competitor was monitored over time, quantitation by the fluorometer
may not have been sensitive enough to detect minute changes which may have affected
the QCPCR. Overall, it can be concluded that the competitor plasmid and the target DNA
amplified with equivalent amplification efficiencies after digestion with the restriction
endonuclease Xbcil under the conditions described for this assay.
The generation of a standard curve which relates the number of P. marinus cells to the
amount of DNA present in the sample is essential for interpreting the QCPCR results.
This standard curve prevents error associated with loss of DNA due to extraction and
purification. While this loss is impossible to control, the use of the same isolation
protocols for both the standard and the sample limits the effect of this loss. One potential
problem for quantitation of P. marinus stems from the use of cultured cells in the
standard curve. Although a genomic conversion factor was used to correct for
differences in the number of target sequences between equal amounts of plasmid and
genomic target DNA, the copy number of the rRNA gene in cultured cells versus natural
cells is unknown. Estimations of copy number are difficult since the genome size of P.
marinus has not been reported. QCPCR results must be interpreted using a standard
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curve to account for these discrepancies although wildtype cells may, in fact, be different
from the cultured cells. It has been suggested by Reece et al. (1997a) that P. marinus
cultured cells are diploid; however, these cultured cells may be altered from their original
state by propagation under culture conditions. Alterations in the ploidy of cultured cells
from their natural state would alter the standard curve and in turn skew the P. marinus
infection results. Furthermore, it must be assumed that the number of copies of the
rRNA gene within the genome remains the same throughout the life of the organism.
This assumption is difficult to prove at this time and differences may again skew the PCR
results.
The use of the QCPCR assay allowed quantitation of P. marinus with extreme
sensitivity and specificity. In a previous semi-quantitative PCR assay, Marsh et al.
(1995) estimated concentrations of DNA by end-point dilution. While this method did
offer the first documented molecular quantitation for P. marinus, the assay did not offer
absolute quantitation as does the QCPCR. Furthermore, the limit of detection by the
semi-quantitative PCR assay was 100 fg with the Southern blot and 10 fg with the dot
blot. The limit of detection with the QCPCR assay was 0.005 fg P. marinus DNA in
0.4 jig of oyster tissue DNA. Thus, the QCPCR assay was found to be more sensitive.
Another disadvantage of the semi-quantitative assay was the use of the 22P radioisotope
for visualization. The use of the LiCor automated sequencer to detect fluorescent dyelabeled primer eliminates the need for the dangerous isotope to be used. The automated
sequencer detection of fluorescently labeled primers has been shown to be more sensitive
than the ethidium bromide staining of agarose gels (Jenkins, 1994). Typically, detection
of a product band on an agarose gel by ethidium bromide staining requires the presence of
2-5 ng of the PCR product. The standard curve results showed that the use of 1/50 of a
DNA preparation of 100 cultured P. marinus cells was clearly within the range of
quantitation. Thus, the automated sequencer allowed detection of PCR product amplified
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from DNA from < 2 cells in a background of 5 mg oyster tissue. This sensitivity level is
extremely important in diagnosing rare or early infections in oyster tissues or when tissue
samples are limited such as in juveniles. Furthermore, this level of sensitivity minimizes
the chance for false negative diagnoses which are common to Ray's FTM assay and the
FTM hemolymph assay (Bushek et al., 1994).
The sensitivity of the assay was maximized by using the Expand High Fidelity system;
however the cost of this enzyme precluded its use for all reactions involved in the
development of the assay. Therefore, Expand High Fidelity was used in the second
phase QCPCRs only. Different genomic correction factors for the two enzymes suggest
that amplification does not proceed with the same reaction kinetics in the presence of the
different DNA polymerases. The smaller correction factor value found for the Expand
High Fidelity PCR system may be explained by the increased performance of the
enzymes. Previous investigations by Schwieger and Tebbe (1997) have demonstrated
that the higher PCR product yields were obtained from low copy number DNA templates
with the use of the Expand High Fidelity PCR system than with just Taq polymerase.
False negatives are therefore reduced. Furthermore, this PCR system allows the
amplification of template DNA which might be difficult to amplify using Taq polymerase
alone. Results, however, cannot be compared between the estimation obtained using the
first phase reactions with AmpliTaq and the value at the equivalence point from the
second phase reactions with Expand High Fidelity.
Specificity of the primers at the species level is another major attribute of this assay.
The primers did not amplify DNA isolated from the other Perkinsus species tested while
they did amplify DNA from all geographic isolates of P. marinus tested. It has been
suggested that these geographic isolates represent the genetic variation among available P.
marinus isolate cultures (Reece et al., 1997). Specificity at the species level is unique to
this method whereas Ray's FTM method (Ray, 1952) and the antibody flow cytometry
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method (Dungan and Roberson, 1993; Ragone Calvo et al., 1995) have not demonstrated
specificity to the species level. Species level specificity eliminates false positive results.
It was shown that dinoflagellates and Perkinsus atlanticus did not amplify with these
primers. Thus, unless sample to sample contamination occurred, it is very unlikely that a
PCR product would be detected in the absence of P. marinus cells. Furthermore,
employing specific molecular diagnostics allows for the detection of the parasite in all of
its life stages.
Another advantage of QCPCR for the quantitation of Perkinsus marinus is objectivity.
The accepted method of infection diagnosis in oyster tissue is Ray's FTM method which
relies on estimates of P. marinus cells per field and then an assignment of an infection
intensity. Using QCPCR, the number of cells from a known amount of tissue is
determined mathematically. Additional problems with all FTM methods are that enlarged
parasites do not consistently stain with Lugol's iodine and that parasite cells do not
enlarge uniformly (Bushek et al., 1994). As a result, the investigator must make
judgments when assigning infection intensities or counting cells.
The whole oyster body burden assay also gives results in objective wet standardized
cell counts. Previously, the body burden assay was shown to be the most sensitive and
most accurate diagnostic method available (Bushek et al., 1994). This is to be expected
since the entire tissue is used for the procedure and all parasites which enlarge in the
media and take up stain are subsequently counted. Therefore, the body burden assay may
currently be considered the "gold standard" P. marinus diagnostic assay. Both the body
burden and the QCPCR gill and mantle assay detected infections in 24 of 25 oysters.
DNA for the QCPCR assay was isolated from only 0.25 grams of gill and mantle tissue.
In patchy or localized infections, the chance of sampling 0.25 grams of uninfected tissue
seems high although no evidence to support this hypothesis was seen in this study. In
addition, even heavy infections may not be uniformly distributed throughout the oyster
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tissues. Sampling may have been the primary cause for discrepancies between the body
burden parasite counts and the estimates of the number of parasites calculated from the
gill and mantle QCPCR assay. The relatively small amount of tissue required for the
sensitive QCPCR assay, however, allows for other investigative procedures to be
employed with the same oyster. This advantage becomes very valuable in laboratory
settings where disease research involves monitoring infection levels and disease
progression in addition to biochemical, histological, or other investigative procedures.
The presence of P. marinus cells in the gill, mantle, and digestive tissues depends on
route of infection and disease progression stage (Fisher and Oliver, 1996). It has been
demonstrated by Bushek et al. (1994) that combining rectal and mantle tissue for
diagnosis using FTM methods decreased the chances for false negative diagnoses.
Provided that P. marinus infections become established in the gut, the rectum is a
sensitive tissue for disease monitoring. The body burden assay sampled the gill, mantle,
rectum, and visceral mass tissues. This sampling of the gut, rectum, and visceral mass
may have increased the sensitivity of the body burden relative to the QCPCR assay which
only sampled gill and mantle tissue. Although the inclusion of rectal tissue may increase
the sensitivity of this QCPCR assay for extremely low level infections in other oyster
samples, it was not used for these samples due to the presence of PCR inhibitors in the
rectal tissue DNA preparations.
QCPCR results were given as numbers of P. marinus cells per gram of tissue or per
milliliter of hemolymph. These values were calculated based on the standard curve linear
regression equation. The 95% confidence intervals which were calculated for these
standard curves illustrate the variance around the slope of the line. The outer limits
represent the possible range of cells that may have been calculated for the oyster tissue
samples based on the QCPCR results and the standard curve. Thus, the QCPCR results
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are a function of the regression equation and this fact may account for some of the
difference seen between the QCPCR assays and the traditional FTM assays.
Furthermore, Ray's FTM assay categorizes infections based on parasite density
(Bushek et al., 1994). Therefore, the variation seen in the regression plots comparing the
QCPCR methods with the Ray's FTM assay infection intensity ranks (Figures 14C and
14D) may stem directly from the wide range of parasite densities which correspond to
each of the ranks. Since infections are often patchy especially in the gill and mantle
tissue, sampling different locations in the oyster may have encouraged discrepancies in
the parasite burdens reported by each of these methods.
Overall, the QCPCR hemolymph assay appeared to be much more sensitive than the
hemolymph FTM assay. The hemolymph FTM assay has typically been more accurate in
detecting low level infections in oysters than Ray's FTM method (Gauthier and Fisher,
1990) although the hemolymph FTM assay is not as accurate an estimate of infection
intensity as the body burden assay. The FTM hemolymph assay detected infections in 22
of 25 oysters whereas the QCPCR hemolymph assay detected infections in 24 of 25
oyster samples. Only one oyster was diagnosed as negative by the QCPCR hemolymph
assay and it was also negative in the body burden assay. Since the body burden assay
has proved most effective in diagnosing infections, a highly significant correlation
(p<0.0001) between the QCPCR hemolymph assay and the body burden assay combined
with a R^ value of 0.753 lends support to the applicability of this QCPCR hemolymph
assay for disease monitoring. The primary benefit to using a hemolymph sample is the
non-destructive nature of the sampling. The hemolymph assay reflects systemic
infections as opposed to localized tissue infections and thus may be important for
monitoring infection establishment and not just presence of P. marinus in the oyster.
Also, oysters can be bled several times over the course of an infection to monitor disease
progression.
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The QCPCR assay was used to quantitate P. marinus cells in environmental water
samples from the York River. Quantitation was possible for one water sample, and
positive but no n-quan till able results were obtained for 2 of the other 3 samples.
Inhibitors present in the water column cause extreme problems for PCR. W ater samples
commonly contain humic substances, polysaccharides, and various other macromolecules
that prevent efficient amplification (Leser, 1995). Often these inhibitory molecules can be
removed from the DNA via CTAB extractions so that amplification can occur; however,
even after this purification step, the detection limit for competitive PCR in water was
found to be lower than expected. Leser et al (1995) found that the detection limit was
lower even than that for sediment samples.
The variability between samples collected 17 days apart (September 26, 1997 and
October 13, 1997) may reflect a difference in P. marinus abundance in the water column.
P. marinus has been found in the water column at abundances of 50 to 590 cells per liter
of water in September and October (Ragone Calvo et al., 1995). If these estimated
abundances hold tine on average, the number of P. marinus cells in the water column at
this time of year is certainly within the detection limits of this QCPCR assay. Based on
the fact that infected oysters were held in trays adjacent to the sampling site, the presence
of some P. marinus cells in the water column seems feasible. A more likely explanation
for the discrepancy in results between sampling dates is the presence of inhibitory
molecules in the water sample. Humic substances may have been resuspended in the
water column on the October date due to storm events or even activity on the river
adjacent to the pier. It was noted that even amplification of the competitor was inhibited
by the presence of undiluted York River water DNA on this sample date and that diluting
the York River water DNA sample relieved this inhibition to some degree. This
necessary dilution to allow amplification has been reported for sediment extract DNA
samples when humic substances were present (Tsai and Olson, 1992). As a result, a
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standard curve for interpretation of number of cells present per liter of water must be
prepared with care since inhibitory molecules will affect the overall amplification and may
change with seasonal conditions.
Using the QCPCR assay to monitor the Perkinsus marinus abundance in water
samples is important since infective stages of the parasite are waterborne. A means for
monitoring P. marinus specifically in the water column has not been documented
previously. Although Ragone Calvo et al. (1995) labeled P. marinus cells from water
column samples with antibodies, the specificity of the polyclonal antibodies has not been
verified. At best, these antibodies detect hypnospores of three Perkinsus spp. (P.
marinus, P. atlanticus, and P. olseni). Furthermore, the common RFTM methods are not
easily applied to water samples and in fact P. marinus cells from the water column may
not enlarge in RFTM. Attempts to utilize this method to monitor the water column were
not successful.
For future use of this assay, it is recommended that quantitation be done over a
broader linear range. For example, using competitor concentrations ranging from 50 fg
to 0.005 fg might provide sufficient information to monitor infection levels. At the same
time, error due to pipeting and limited competitor degradation would be minimized.
Possibly, this amended assay may eliminate the need for replicates of the same DNA prep
to be quantitated which would save both time and money. As for the need to quantitate
on a linear curve, the points where only competitor or only target amplify are not used in
the analysis since product intensity ratios are plotted. Thus, the curve will not be
sigmoidal in nature despite the broad range of competitor used.
In conclusion, quantitative competiti ve PCR allowed for the quantitation of P. marinus
DNA in oyster tissues and water samples. The disadvantages of this assay are the
expense of the polymerase and the equipment as well as the molecular biology expertise
required to perform the assay. In addition, PCR inhibitors in oyster rectal tissue and in
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York River water present a challenge to the preparation of amplifiable DNA. The
advantages of this QCPCR assay include its exceptional sensitivity using only small
tissue samples as well as its species level specificity. The QCPCR hemolymph assay
provides a non-destructive, repeatable method for determining pathogen infection in the
oyster. In addition, the potential for analyzing water samples for P. marinus cells is
exciting in the face of necessary transmission dynamics studies.
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